Introduction {#s1}
============

As a common side effect of treatment for diabetes, hypoglycemia is a constant threat and can have far-reaching and potentially devastating consequences, from irreversible coma and infarction to cognitive decline and dementia, although the relationship between treatment-related hypoglycemia and cognition remains unclear. One of the priority research areas defined by a recent workgroup of the American Diabetes Association and the Endocrine Society is to better understand the mechanisms of the associations between hypoglycemia and long-term outcomes, such as cognitive dysfunction ([@B1]). Previous studies have reported a relationship between diabetes and dementia and between a history of severe hypoglycemia and impaired cognitive function in people with diabetes ([@B2],[@B3]). Severe hypoglycemic episodes, with or without coma, were associated with impaired cognitive function in children and young adults with type 1 diabetes and a greater risk of dementia among older patients with type 2 diabetes mellitus (T2DM) ([@B4]--[@B9]). Whether these effects are due to the hypoglycemia or to some related factor, however, remains unclear. In contrast, the Diabetes Control and Complications Trial (DCCT) study found no significant correlation between diabetes treatment--related hypoglycemic events and neuropsychological function ([@B10]).

In a recent American Diabetes Association--sponsored research symposium, "Diabetes and the Brain," several hypotheses were proposed regarding how diabetes could affect learning and memory ([@B11]). An area that has not been well studied is the relationship between severe hypoglycemia and chronic anatomical changes in the brain that are known to correlate with cognitive decline. Specifically, it is unclear whether hypoglycemia in patients with T2DM is associated with chronic brain changes such as atrophy and increased abnormal white matter (AWM). Brain atrophy, whether measured by total brain volume (TBV) or regionally, is a sensitive and powerful correlate of cognitive function and decline ([@B12]--[@B16]). AWM tissue volume is indicative of diffuse and focal ischemic, demyelinating, and inflammatory processes related to small vessel disease, and increased AWM tissue volume is associated with diabetes and impaired cognition ([@B17],[@B18]). Thus, the specific aim of our study was to determine whether severe symptomatic hypoglycemic events in treated T2DM patients are associated with loss of TBV and/or increase of AWM.

Research Design and Methods {#s2}
===========================

Study Population {#s3}
----------------

We conducted a cohort analysis of the Memory in Diabetes (MIND) study ([@B19]), which was done in 51 clinical sites in North America as part of Action to Control Cardiovascular Risk in Diabetes (ACCORD), a randomized trial of standard compared with intensive management of glycemia in people with T2DM. Participants aged 45--79 years with T2DM and who had a current glycosylated hemoglobin (HbA~1c~) level at 7.5--11.0% (58--97 mmol/mol) and were at high risk for cardiovascular disease events suggested by atherosclerosis, left ventricular hypertrophy, albuminuria, or at least two additional cardiovascular risk factors, were enrolled between 21 August 2003 (34 months after the start of ACCORD) and 16 December 2005.

Participants were randomly assigned to an intensive strategy, aiming to achieve an HbA~1c~ \<6.0% (42 mmol/mol), or to a standard strategy, aiming to maintain an HbA~1c~ level between 7.0 and 7.9% (53 and 63 mmol/mol). In addition, in a double two-by-two factorial design, all participants were enrolled in a randomized blood pressure trial comparing an intensive with a standard blood pressure treatment strategy or in a randomized lipid trial comparing treatment with fenofibrate versus placebo while maintaining good control of LDL cholesterol, mainly with simvastatin.

Key exclusion criteria of the ACCORD study included frequent or recent serious hypoglycemic events (hypoglycemic coma or seizure within the past 12 months or symptomatic, severe hypoglycemia requiring medical or any other third-party assistance \[HA\]) in the past 3 months with a concomitant glucose concentration of less than 3.3 mmol/L \[60 mg/dL\]), unwillingness to do home glucose monitoring or inject insulin, a BMI of more than 45 kg/m^2^, a serum creatinine concentration of more than 133 μmol/L (1.5 mg/dL), or other serious illness. In addition, participants younger than 55 years of age were excluded in the MIND study; details have been described elsewhere ([@B19]).

Within MIND, a subset of participants from 4 clinical center networks (28 clinics) were recruited for the MRI substudy. Initially, only participants randomized to the glycemic and blood pressure trials were enrolled, but halfway through the study, the recruitment was extended to participants in the lipid trial to meet the sample size goals. We excluded participants with standard MRI exclusions ([@B20]). To enhance retention, recruitment focused on participants living within 2 h of an MRI scanner.

Exposure {#s4}
--------

The exposure of interest was reporting any episode of HA before the MRI targeted to occur at 40 months postrandomization ([@B21],[@B22]). At each 4-month follow-up visit, participants were asked if they had experienced an episode of HA. HA was defined as a blood glucose concentration of less than 2.8 mmol/L (50 mg/dL) or recovery with carbohydrate treatment in which the participant reported receiving medical care or assistance from another individual.

Outcomes {#s5}
--------

Brain MRI scans were performed at baseline and were targeted for 40 months after randomization based on the standardized MRI scan protocol ([@B19]). The standardized MRI scan protocol was run on 1.5-T scanners and included 3D spoiled gradient recalled acquisition T1, 2D axial fast spin echo fluid-attenuated inversion recovery, and proton density/T2 weighted sequences. An operator at each center ran the standardized MRI sequences that were programmed into the scanner, and these did not change during the study. Digital images acquired at each center were sent to the MRI quality-control center for in-house review on an as-received basis ([@B23]). According to American College of Radiology's phantom analyses for MRI quality control, MRI scanner performance was stable across the MRI sites over the duration of our study.

An automated multispectral computer algorithm was used to calculate the primary and secondary MRI outcome variables ([@B24],[@B25]) of TBV, total gray matter volume (TGM), total white matter volume (TWM), AWM, and abnormal deep gray/white matter volume (ADGW), which was operationally defined as basal ganglia, thalamus, and internal capsules. The primary MRI outcomes were defined as the changes of TBV and AWM volume on brain MRI scans from baseline to the 40-month follow-up. Secondary MRI outcomes included TGM, TWM, and ADGW volumes. Two neuroradiologists, who were blinded to treatment arms and each other's readings, reviewed the baseline and 40-month follow-up brain MRI scans from all the hypoglycemic participants for evidence of local insult reflected by volume loss or MRI signal change.

Statistical Analysis {#s6}
--------------------

Mann-Whitney-Wilcoxon rank sum tests and χ^2^ tests were performed to evaluate for an association between covariates and reporting of HA. Linear regression was used to model the associations between HA and change in TBV, TGM, TWM, AWM, and ADGW. We log-transformed the AWM and ADGW volumes so that the residuals from the linear models were approximately normally distributed. Change in these two outcomes was analyzed as the difference of log-transformed baseline and follow-up values; thus, when taking the exponent of the adjusted means, the resulting values are interpreted as the ratio of the geometric mean at follow-up to the geometric mean at baseline. In contrast, adjusted means of change for untransformed variables are differences of arithmetic means.

Initially, unadjusted Wilcoxon tests were used to determine whether changes in MRI outcomes from baseline to follow-up were significantly different between participants who did and did not report HA during follow-up. Subsequently, a series of linear regression models adjusted for baseline intracranial volume (ICV) and randomization factors were used to relate HA to the change in each MRI volumetric outcome. ICV was controlled for in all models because it was taken as a constant for each participant over time, as confirmed in this study as part of the quality-control analysis. In addition, the following factors used to stratify randomization were included in each model: glycemia treatment group, assignment to the blood pressure or lipid control trial, random assignment to the intensive blood pressure treatment, randomization to fenofibrate, clinical center network, and prior history of cardiovascular disease.

We used a series of models to control for potential baseline confounders in addition to ICV and randomization factors. The potential confounders included demographic and anthropometric characteristics (age, sex, ethnicity, education level, and BMI), laboratory measures (serum creatinine levels, LDL concentration, HDL concentration), medication use (any use of hypertension medications and statins), clinical measures (systolic blood pressure, baseline cognitive scores measured by digit symbol substitution test \[DSST\]), severity of diabetes (duration of diabetes, previous amputation, history of peripheral neuropathy, visual acuity, HbA~1c~ level, glucose level), and any insulin use (basal insulin, bolus insulin, and premixed insulin). The initial model controlled for only the ICV and randomization factors. Model 1 added demographic, laboratory, and medication use covariates to the covariates in the initial model. Model 2 added severity of diabetes to the covariates in model 1. Model 3 added insulin use to the factors in model 2. Because the level of covariate control did not alter qualitative conclusions about the relationship between HA and change in MRI outcomes considered, we present adjusted means for HA and non-HA groups based on model 3.

Multiple imputation was used to explore the sensitivity of final conclusions regarding the association between HA and change in MRI outcomes to missing outcome data. Initially, for the baseline factors listed above, multiple logistic regression analysis was used to explore the relationship between the baseline covariates and a missed follow-up MRI. Subsequently, we produced imputed data sets using regression-based imputation and models that included baseline ICV and factors predictive of missing MRIs.

Additional sensitivity analyses were performed by fitting the models within the intensive glycemia treatment group to explore whether the results were qualitatively similar when focused only on participants who underwent similar glycemia treatment. Note that in the models containing both glycemia groups, we did not test for interactions between the glycemia intervention and HA because such a test of interaction would only have good power to detect extremely large effects. We tested all hypotheses at the two-sided 0.05 level. All statistical analyses were performed using SAS 9.3 software.

Results {#s7}
=======

[Table 1](#T1){ref-type="table"} reports the baseline characteristics of the T2DM participants in this study. Of the 632 ACCORD-MIND participants with successful baseline brain MRI scans, TBV and AWM were successfully measured in 614 (97%), and 503 (82%) had successful 40-month follow-up brain MRI scans. These participants were included in the final analyses, with 273 in the standard treatment group and 230 in the intensive treatment group. Participant characteristics associated with missing scans were reported previously, and 18 participants died before the 40-month follow-up ([@B23]). The number of missed 40-month follow-up MRI scans was significantly different between participants with and without HA (18 of 46 \[39%\] vs. 93 of 567 \[16.4%\], *P* \< 0.001 using χ^2^ test). HA, age, sex, race, education level, baseline TBV, baseline history of statin use, DSST cognition score, visual acuity score, and HbA~1c~ level were significantly associated with missing MRI scans at the 40-month follow-up and thus were entered in regression-based imputation models ([Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc14-0973/-/DC1)).

###### 

Baseline characteristics between participants with and without hypoglycemia

  Baseline characteristics                              Total[\*](#t1n1){ref-type="table-fn"} (*N* = 503)   Hypoglycemia    *P* value       
  ----------------------------------------------------- --------------------------------------------------- --------------- --------------- ----------
  Age (years)                                           62.18 ± 5.65                                        61.91 ± 5.50    66.82 ± 6.37    \<0.0001
  Sex (female)                                          233 (46.32)                                         220 (46.32)     13 (46.43)      0.9907
  Race                                                                                                                                      0.6996
   Non-Hispanic white                                   341 (67.8)                                          321 (67.6)      20 (71.4)       
   African American                                     89 (17.7)                                           83 (17.5)       6 (21.4)        
   Hispanic                                             31 (6.2)                                            30 (6.3)        1 (3.6)         
   Other                                                42 (8.3)                                            41 (8.6)        1 (3.6)         
  Education level                                                                                                                           0.0179
   Less than high school                                46 (9.1)                                            46 (9.7)        0 (0.0)         
   High school graduate                                 122 (24.3)                                          112 (23.6)      10 (35.7)       
   Some college                                         168 (33.4)                                          164 (34.5)      4 (14.3)        
   College graduate or more                             167 (33.2)                                          153 (32.2)      14 (50.0)       
  Clinical center network                                                                                                                   0.6622
   A                                                    236 (46.9)                                          220 (46.3)      16 (57.1)       
   B                                                    71 (14.1)                                           68 (14.3)       3 (10.7)        
   C                                                    68 (13.5)                                           64 (13.5)       4 (14.3)        
   D                                                    128 (25.4)                                          123 (25.9)      5 (17.9)        
  DSST cognition score                                  54.67 ± 15.54                                       54.73 ± 15.50   53.63 ± 16.38   0.7218
  BMI (kg/m^2^)                                         32.59 ± 5.14                                        32.60 ± 5.14    32.40 ± 5.23    0.8411
   \<25                                                 31 (6.2)                                            28 (5.9)        3 (10.7)        0.5783
   ≥25 to \<30                                          140 (27.8)                                          133 (28.0)      7 (25.0)        
   ≥30                                                  332 (66.0)                                          314 (66.1)      18 (64.3)       
  History of cardiovascular disease                     128 (25.45)                                         118 (24.84)     10 (35.71)      0.1993
  Systolic blood pressure (mmHg)                        134.6 ± 17.85                                       134.5 ± 17.77   136.3 ± 19.62   0.6139
  Treatment assignment                                                                                                                      
   Intensive glucose control                            230 (45.73)                                         208 (43.79)     22 (78.57)      0.0003
   Intensive blood pressure control                     153 (30.42)                                         146 (30.74)     7 (25.00)       0.5214
   Lipid control with fibrate                           89 (17.69)                                          82 (17.26)      7 (25.00)       0.2972
  Severity of diabetes                                                                                                                      
   Duration of diabetes (years)                         9.89 ± 7.08                                         9.67 ± 6.95     13.68 ± 8.13    0.0035
   HbA~1c~ level (%)                                    8.14 ± 0.93                                         8.13 ± 0.94     8.24 ± 0.87     0.5399
   HbA~1c~ level (mmol/mol)                             65 ± 13                                             65 ± 13         67 ± 14         
   Glucose level (mg/dL)                                172.2 ± 52.05                                       172.6 ± 50.61   166.4 ± 73.32   0.5417
   Amputation                                           6 (1.19)                                            5 (1.05)        1 (3.57)        0.2329
   Neuropathy score[\*\*](#t1n2){ref-type="table-fn"}   213 (42.35)                                         189 (39.79)     24 (85.71)      \<0.0001
   Visual acuity[\*\*\*](#t1n3){ref-type="table-fn"}    76.54 ± 9.48                                        76.84 ± 9.23    71.43 ± 12.20   0.0038
  Serum creatinine (mg/dL)                              0.88 ± 0.20                                         0.88 ± 0.20     0.93 ± 0.20     0.1987
  LDL (mg/dL)                                           101.2 ± 32.32                                       101.7 ± 32.32   92.50 ± 31.63   0.1422
  HDL (mg/dL)                                           43.84 ± 12.02                                       43.94 ± 11.68   42.21 ± 16.95   0.4606
  Medication use at baseline                                                                                                                
   Any hypertension medication                          425 (84.49)                                         401 (84.42)     24 (85.71)      0.8542
   Any statin                                           363 (72.17)                                         343 (72.21)     20 (71.43)      0.9285
   Any insulin                                          154 (30.62)                                         136 (28.63)     18 (64.29)      \<0.0001
    Basal insulin                                       120 (23.86)                                         108 (22.74)     12 (42.86)      0.0152
    Bolus insulin                                       59 (11.73)                                          52 (10.95)      7 (25.00)       0.0247
    Premixed insulin                                    34 (6.76)                                           27 (5.68)       7 (25.00)       \<0.0001

\*Results are presented as *n* (%) or mean ± SD.

\*\*Michigan Neuropathy Screening Instrument score \>2 or any lower-extremity amputation.

\*\*\*Letters, 75 equals visual acuity of 20/30.

There were 28 participants who reported having at least one episode of HA before the 40-month MRI exam, and 6 of them reported coma during the HA episode. Among the 28 participants with HA, 19 (67.86%) had one episode, 5 (17.86%) had two, 2 (7.14%) had three, and 2 (7.14%) had five. The mean time between HA and the 40-month MRI scans was 25.5 ± 11.7 months, with the median at 28 months (min 3.29, max 41.2). Compared with participants without HA, participants who developed HA were significantly more likely to be older (66.82 ± 6.37 vs. 61.91 ± 5.50 years, *P* \< 0.0001), in the intensive glucose control group (78.57% vs. 43.79%, *P* = 0.0003), have a longer duration of diabetes (13.68 ± 8.13 vs. 9.67 ± 6.95 years, *P* = 0.0035), more neuropathy (85.71 vs. 39.79%, *P* \< 0.0001), worse visual acuity (71.43 ± 12.20 vs. 76.84 ± 9.23, *P* = 0.0038), and any insulin use at baseline (64.29% vs. 28.63%, *P* \< 0.0001).

The neuroradiological review of baseline and 40-month follow-up brain MRI scans from participants with hypoglycemia showed no unexpected local signal changes or volume loss. As reported in [Table 2](#T2){ref-type="table"}, the results from our final adjusted linear regression model (model 3) showed that T2DM participants with HA did not have increased brain atrophy or AWM compared with the group without HA group. The participants with HA had marginally significant less atrophy (less decrease of TBV) from baseline to the 40-month follow-up compared with participants without HA (difference = −9.554 \[95% CI −15.21, −3.903\] vs. −15.38 \[95% CI −16.64, −14.12\], *P* = 0.051). A visual comparison of results from all models is provided in [Supplementary Fig. 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc14-0973/-/DC1). We further investigated these associations for TBV among the 230 participants in the intensive glycemia treatment group only and found that although the adjusted mean change in TBV for those with HA remained similar to that reported in [Table 2](#T2){ref-type="table"} (difference = −9.09 \[95% CI −15.35, −2.839\]), the adjusted mean for those without HA was somewhat less than reported in [Table 2](#T2){ref-type="table"} (difference = −12.51 \[95% CI −14.35, −10.68\], *P* = 0.315 for comparison with HA group). The multiple imputation results focusing on the fully adjusted comparison of HA and non-HA groups provided very similar estimates: the estimates of change from baseline to the 40-month follow-up were −8.73 (95% CI −14.83, −2.63) in participants with HA versus −15.47 (95% CI −16.35, −14.03) in participants without HA.

###### 

Adjusted associations between hypoglycemia and brain MRI structure

  Brain MRI outcome measure                                                                                 Total (*N* = 503)   HA                        *P* value                 
  --------------------------------------------------------------------------------------------------------- ------------------- ------------------------- ------------------------- -------
  TBV                                                                                                                                                                               
   Baseline[^1^](#t2n1){ref-type="table-fn"}                                                                925.36 ± 95.93      925.22 ± 94.55            927.87 ± 118.9            
   40-month follow-up[^1^](#t2n1){ref-type="table-fn"}                                                      910.11 ± 95.57      909.66 ± 94.25            917.73 ± 117.5            
   Change from baseline to 40 months[^1^](#t2n1){ref-type="table-fn"}^,^[^2^](#t2n2){ref-type="table-fn"}   −15.25 ± 16.46      −15.55 ± 16.41            −10.14 ± 16.76            0.064
    Adjusted for ICV and randomization factors[^3^](#t2n3){ref-type="table-fn"}                                                 −15.23 (−16.53, −13.93)   −12.20 (−17.64, −6.769)   0.290
    Adjusted for factors in the final model[^3^](#t2n3){ref-type="table-fn"}                                                    −15.38 (−16.64, −14.12)   −9.55 (−15.21, −3.903)    0.051
  AWM                                                                                                                                                                               
   Baseline[^1^](#t2n1){ref-type="table-fn"}                                                                2.10 ± 3.88         2.07 ± 3.90               2.55 ± 3.50               
   40-month follow-up[^1^](#t2n1){ref-type="table-fn"}                                                      3.60 ± 5.72         3.51 ± 5.68               5.08 ± 6.29               
   Change from baseline to 40 months[^1^](#t2n1){ref-type="table-fn"}^,^[^2^](#t2n2){ref-type="table-fn"}   1.50 ± 2.77         1.44 ± 2.75               2.53 ± 3.06               0.013
   Ratio of baseline to 40-month geometric means adjusted for                                                                                                                       
    ICV and randomization factors[^3^](#t2n3){ref-type="table-fn"}^,^[^4^](#t2n4){ref-type="table-fn"}                          1.84 (1.76, 1.92)         2.00 (1.67, 2.38)         0.378
    Factors in the final model[^3^](#t2n3){ref-type="table-fn"}^,^[^4^](#t2n4){ref-type="table-fn"}                             1.84 (1.76, 1.91)         2.06 (1.71, 2.49)         0.247

^1^Mean ± SD.

^2^*P* value based on Wilcoxon test unadjusted for any other factors.

^3^Adjusted mean (model-based 95% CI) and *P* value.

^4^Because of skewness in the outcomes, change in these outcomes was analyzed as the difference of log-transformed baseline and follow-up *P* values. When exponentiating the resulting adjusted means from ANCOVA, the resulting values are interpreted as the ratio of the geometric mean at follow-up to the geometric mean at baseline.

Under model 3, there was no significant difference in the changes of AWM volume from baseline to the 40-month follow-up (ratio = 2.06 \[95% CI 1.71, 2.49\] for HA vs. 1.84 \[95% CI 1.76, 1.91\] for no HA, *P* = 0.247). When we focused on participants in the intensive glycemia group, our conclusions were unchanged under the fully adjusted model (ratio = 2.08 \[95% CI 1.65, 2.62\] for HA vs. 1.97 \[95% CI 1.84, 2.10\], *P* = 0.663). Finally, the multiple imputation results under the fully adjusted model provided an estimated ratio of baseline to follow-up means of 1.98 (95% CI 1.35, 2.89) in participants with HA versus 192 (95% CI 1.76, 2.10) in those without HA.

For our secondary outcomes, there were no significant differences between participants with and without HA in the changes of TGM (difference = −17.13 \[95% CI −24.87, −9.395\] vs. −19.61 \[95% CI −21.34, −17.89\], *P* = 0.544), TWM (difference = 1.017 \[95% CI 1.000, 1.034\] vs. 1.009 \[95% CI 1.006, 1.013\], *P* = 0.414) and ADGW (ratio = 1.46 \[95% CI 1.22, 1.76\] vs. 1.33 \[95% CI 1.27, 1.38\], *P* = 0.303) from baseline to the 40-month follow-up.

Conclusions {#s8}
===========

Hypoglycemia, a common complication of intensive glycemic control, causes physical and psychological morbidity that ranges from unpleasant symptoms to impaired judgment, seizure, coma, and even death ([@B26],[@B27]). Although the brain would seem central to these therapeutic complications, the effect of hypoglycemia on brain structure is not clear. To our knowledge, our study is the first to quantify the effect of symptomatic hypoglycemia on chronic brain structure changes in a large clinical cohort of treated older T2DM patients. Our study showed that T2DM patients with HA have the same general pattern of brain atrophy and increased AWM as those without HA but show no additional evidence of brain insult from the HA events. Because most of the hypoglycemic events happened in the intensive glycemic control group, we did a subanalysis in the intensive glycemic control group alone and found similar results.

Short-term hypoglycemia has been suggested to cause brain fuel deprivation that, if unchecked, results in functional brain failure that is typically corrected after the plasma glucose concentration is raised ([@B27]). Our study further addressed concerns about long-term structural brain damage associated with hypoglycemia in T2DM, and results indicate that typical clinically reversed hypoglycemia may not worsen the pathological effect of T2DM on brain structure. This apparent lack of chronic structural brain changes from hypoglycemic events in diabetic patients may reflect a general resilience of the brain to hypoglycemia or, perhaps, a greater resistance to hypoglycemic insult in the diabetic brain. van de Ven et al. ([@B9]) investigated the effect of hypoglycemia on cerebral glucose metabolism in patients with uncomplicated type 1 diabetes and found an increased flux through the tricarboxylic acid cycle and a possible increased metabolism of lactate and other nonglucose compounds compared with nondiabetic subjects. These results suggest that the brains of patients with type 1 diabetes are better able to endure moderate hypoglycemia than those of subjects without diabetes ([@B9]). Regardless of mechanism, the absence of incremental brain volume loss from treatment related hypoglycemic events probably bodes well for future cognitive function. Loss of brain volume correlates closely with decreased cognitive performance in healthy, at-risk, as well as demented populations, supporting its validity as a marker of brain function ([@B13]--[@B16]).

Previous case or small series reports have demonstrated dramatic MRI findings in severe, acute hypoglycemic coma, including reversible and irreversible hyperintensity on fluid-attenuated inversion recovery and diffusion restriction on diffusion-weighted imaging in gray matter (cerebral cortex, hippocampus, and basal ganglia) and white matter (posterior limb of the internal capsule, corona radiate, and centrum semiovale) structures ([@B28]--[@B38]). In contrast, our study did not find any unexpected MRI changes suggestive of ischemia, infarction, inflammation, or volume loss in patients with HA, beyond that seen in the nonhypoglycemic T2DM population. The blood glucose levels in most reported patients with abnormal MRI findings were less than 20 mg/dL, probably lower than that found in our patients. In addition, the median time between HA and 40-month follow-up MRI scans was 28 months (min 3.29, max 41.2), which suggest the effects of HA on brain structure in nonacute settings may be minimal.

In our ACCORD-MIND MRI study, 5.6% of participants with baseline and follow-up scans had at least one HA between baseline to the 40-month follow-up (i.e., 9.6% in the intensive therapy arm and 2.2% in the standard therapy arm), which was lower than the 10.5% observed over an average of 3.5 years of follow-up in the full ACCORD trial (i.e., 15.9% in the intensive therapy arm and 5.0% in the standard therapy arm) ([@B22]). This difference of HA incidence was partially because participants with HA were more likely to miss the 40-month follow-up MRI scans than participants without HA. Thus, we further compared the incidence of hypoglycemia and factors associated with hypoglycemia in our study with the other published studies. The UK Hypoglycaemia Study group found that prevalence of severe hypoglycemia was ∼7% in T2DM patients treated with insulin for \<2 years and ∼25% in those with insulin for \>5 years ([@B39]). Our study also found that hypoglycemia was significantly more likely to occur in older patients who had insulin, intensive glycemic control, longer duration of T2DM, more neuropathy and worse visual acuity scores. These findings are consistent with the ACCORD study and comparable with the studies of other T2DM populations ([@B22],[@B40],[@B41]).

The intensive glycemia control intervention of the ACCORD trial was stopped early because of higher mortality in this study arm ([@B42]). Hypoglycemia is among the possible mechanisms to explain this result. However, although hypoglycemia was associated with an increased risk of death, no differences in glycemia-related mortality risk between participants in the two treatment arms were noted ([@B22]). The mechanism for the increased mortality in the intensive glycemia control arm of ACCORD therefore remains unknown. A cerebral mechanism is not supported by our study, which shows no incremental adverse effect of hypoglycemic events on TBV and AWM. This would be consistent with, but not proof of, the relative resilience of the brain to hypoglycemic insult; however, these brain MRI variables reflect only structure, not function.

The study has several limitations. First, even though this appears to be the largest MRI study of brain structural changes in hypoglycemic patients, the number of hypoglycemic events was relatively few in our study, and future studies with larger sample sizes may provide further evidence to support our findings. Second, not every T2DM patient had 40-month follow-up MRI scans, and thus, the factors associated with missing MRI scans were used in a multiple imputation procedure to explore the sensitivity of results to missing outcomes.

In conclusion, results from this small sample of events show that severe symptomatic hypoglycemic events in treated T2DM patients are not associated with accentuated loss of TBV and/or increase of AWM compared with T2DM patients without hypoglycemia. Although the undesirable effects of treatment-induced hypoglycemia are of increasing clinical concern, particularly when more aggressive management of hyperglycemia is contemplated, the lack of associated changes in gross brain structure suggests that there may be some fortuitous resilience of this organ. Further studies with more details of hypoglycemic events and longitudinal MRI scans before and after hypoglycemia can help to better specify whether the severity of hypoglycemia affects the longitudinal changes of MRI brain structure.
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======================

###### Supplementary Data

Clinical trial reg. no. NCT00182910, [clinicaltrials.gov](http://clinicaltrials.gov).

This article contains Supplementary Data online at <http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc14-0973/-/DC1>.
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